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NONEN~LATURE

a aonio velocity
A acoustic admittance
D .~.nt.graticri oonstant
B integration constant
f frequency
k see equation 3
K ) Eumeer Function

. L chamber length
a velocity coupling parameter
M Mach No.
q chamber perimeter
r see equation 3

- R response function
• S area

• . .  Z dimensionless chamber length

ø o

- - Greek
a damping
e acoustic pressure

dimensionless flame temperature osoillation

• - Subscripts
o a~~Zs0

- - 1 a t Z ~i

- 
1. b 

- 
burning surface

0 chamber
- v valve , velocity

Supers crip ts
- time average

Oscillat ing component
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1.0 INTRODUCTION AND SU)*(ARY

VI 

Coupling between the combustion process and the acoustics of the combustion
chamber are importan t factors determining combustion stability of a solid pro-
pellant rocket. This coupling results because the combustion process reacts to
both the local acoustic pressure and the local acoustic velocity. Because of
the complexity of both processes , they cannot be totally characterized analyt—
ically; therefore, laboratory test data are needed in making analytical combus-
tion stability predictions. One attractive test method conceived by CSD is the
rotating valve apparatus. CSD has conducted two programs under AFRPL contract
No. FO’$611—72—C—0007 and F0k611—7k—C—00145 to develop and demonstrate the rota-
ting valve method of measuring the pressure coupled combustion response of solid
propellants. Measurements have been made using both aluminized and nonaluminized
propellant formulations in a single rotating valve apparatus. The results show
agreement with T—burner measurements when the T—bu rner vent term is taken to be
zero. In addition, reproducible operation of the apparatus has been demonstrated
at pressures up to 1 ,500 psi with propellants containing as much as 18% aluminum .

The rotating valve apparatus also offers the advantage of adaptability to
obtain velocity coupled response. Velocity oscillations of controlled frequency
and amplitude can be generated in the test motor by simultaneously operating a
rotating valve at each end of the motor , 1800 out of phase . In this configura-
tion , velocity coupling dominates , and the effects of other processes, such as
pressure coupling, are minimized. With this modification , the rotating valve
method offers the potential for experimentally and quantitatively investigating
many characteristics of velocity coupling which have been postulated by purely 

S

analytical arguments . The nature of these characteristics determine the manner
in which velocity coupling is incorporated into the overall combustion stability
analysis of a solid propellant rocket motor; thus, experimental evaluation of
velocity coupling characteristics is essential.

Under AFOSR contract No. F’49620—77—C—OO’48, CSD investigated the two—valve
approach for measuring velocity coupling characteristics. Analytical. studies
accomplished under this contract have developed a thorough mathematical analysis

-~~ 
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of the transient ballistics by solving the transient mass , momentum , and energy
- 

VI 
equations and by including velocity coupling, as well as pressure coupling , par-
ticle damping, flow turning, and nozzle losses in the analysis. The analysis
has been compared to known solutions appropriate to specific situations. Stud-
ies have been conducted to explore its limitations and to estimate the effects
of experimental uncertainties. Approximate solutions have been developed which

• permit the direct derivation of velocity response functions from experimental
S 

data. In addition, this analysis has suggested a method for simultaneously
deriving quantitative information on particle damping and for increasing the
upper frequency of the pressure coupled rotating valve by a factor of two .
These last two developments were not expected at the initiation of the program
and each represents a potentially significant advance in the technology.

Concurrently, experimental apparatus was constructed , and its performance
compared with predictions under controlled cold flow conditions. Agreement
between theory and experiment was demonstrated under pressure coupled test
conditions. Analysis of the initial data, in conjunction with the analytical

model, shows control of the phase angle between the two valves is important to
insure proper performance of the apparatus. Studies in this area are in prog-
ress and are directed toward defining the degree of control required and devel-
oping proper control and calibration methods .

1—2 
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2.0 TECHNICAL STUDIES

The basic velocity coupled rotating valve apparatus has two identical
valves, one at each end of the test motor as shown in figure 2— 1 ,. One or more
conventional nozzles are used to control the steady—state pressure. The instan-

taneous area of’ each valve , (figure 2— 1) may be represented by the sum of a
steady—state ocaponent and an oscillating component.

The central feature of the apparatus is the control of the phase between
the area oscillations of the two valves . If the two valves are in phase , the
oscillating components add , as shown in figure 2—2. The resulting behavior is
dominated by pressure coupling effects . If the valves are 1800 out of phase,
the area oscillation produced by one valve exactly cancels that produced by the
other valve. There is no net area oscillation to provide pressure coupling ;
however , significant velocity oscillations in the test motor are produced ,
because the venting of combustion gas alternates between the two ends of the
motor. These velocity oscillations couple with the combustion to produce burn—

ing rate oscillations. With a constant net vent area , these burfling rate oscil-
lations produce pressure oscillations which reflect the coupling process . Thus ,
operating the two valves 1800 out of phase offers the potential for studying
velocity coupling in a manner which minimizes pressure coupled contributions .

CSD is currently conducting analytical and experimental studies under con-
tract No. F~962O—77—C—OOk8 to explore the applicability of the dual rotating

valve apparatus for measuring velocity coupled combustion response functions.

The basic objectives of the current program are to:

(1) Improve and modify the analytical model f o r  the transient ballistics
of the two valve apparatus;

— (2) Define the sources and magnitude of potential uncertainties in the
data analysis procedure;

2— 1
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Figure 2-1. Valve Layouts for Velocity Response
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(3) Design and construct a dual rotating valve apparatus;

(14 ) Verity the analytical model under cold flow conditions and experi-
mentally explore additional sources of uncertainty; and

(5) Conduct limited combustion tests to evaluate performance of the
apparatus , the quality of the resulting response functions , and
ability to study the effects of varying propellant formulation and
mean flow velocity.

Studies have been conducted in each of these areas and specific results are

sumaarized in the following paragraphs.

2. 1 ANAL YTICAL STUDIES
Initial evaluation of the method assumed that momentum and energy effects

could be neglected so that the transient mass balance described the system
behavior (1). The validity of these assumptions is suspect in the velocity
coupled mode; therefore, a more detailed and less restricted analysis is
required . Development of the expanded mathematical model requires the solution
of the transient ballistic equations for mass, momentum, and energy.

2.1.1 Model Development

The basis of these expanded analytical studies is the one—dimensional
equations of motion, in conjunction with the ideal gas law. After linearization

and rearrangement one obtains

+ 
BM

+ ~(i~i~M )  + a ’ — F ’ = 0 (1)
~Z ~ T

for the momentum equation and

+ ~ ~~~~ ~v (~ ,q9 
~~ + + ~ ~~~M ‘ (2)

3Z 9Z 
~ 

S / ‘ b 
~~~ ~~

for the energy equation .

2—3 
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These equations can be transformed to a Kummers equation(2) .

VI d2c 1 ~ dc ’ -r —  + — — r  — — k c  = 02 2 Jdrdr

The solution then becomes(3)

1 1 3
~~~

The two constants of integration can be evaluated from the nozzle flow
equations at each end of the chamber.

The solution of these equations was verified in several ways . First at
low frequencies, the equations should reduce analytically to the equations

derived for the pressure coupled rotating valve(14,5), assuming no velocity
S response and driving from only one valve. At low frequencies , the Kummer

functions approach unity. This leads analytically to the equations reported
in references (~4 ,5) for the case of one valve and for both valves operating
in phase.

Second, this model should predict the correct behavior when the combustor

is driven at frequencies near the natural acoustic frequencies. Thus, the

F frequency difference at the half— power amplitudes (i.e., 0.707 x the peak

amplitudes) would be related to the overall system damping of the self—excited

system by the expression.

a

The left side can be evaluated independently f rom Culickt s solutions
while the right side can be evaluated from numerical solutions of the model.
This comparison has been made in three cases shown in table 2-1.

2-4 
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TABLE 2-1 . COMPUTED SYSTEM DAMPING (-a/f)
T21459

Case Culick Analysis Equation (4)
1 0.112 0.117
2 0.155 0.156
3 0.102 0.108

The first case contained only pressure coupled effects and used only one valve.
The second and third cases incorporated both pressure and velocity coupling, as

well as particle damping effects. In case two, the response functions were low

(i.e., 0.2) while in case three, they were approximately an order of magnitude

higher.

The excellent agreement found between the two methods further substantiates
the analysis . Examination of the numerical results shows that the amplitudes of
the pressure at both ends of the burner are nearly equal, but are 1800 out of
phase, exactly as expected.

2.1.2 Development of Data Reduction Procedure

The analysis presented the preceding section predicts pressure and velocity
performance given the response values . The data analysis procedure must do the
opposite , namely produce response values from measured pressures. Since the

responses are implicit, the equations cannot be conveniently rearranged for this
purpose.

An approximate solution to the energy equation, which is explicit in the

velocity response , was developed by assuming the velocity oscillations are inva-
riant with position and the pressure is linear with position .

The exact solution was used to predict oscillating pressures and velocities
using combustion responses .f or ANB 3066. These pressures and velocities were
then used as inputs to the approximate solution to simulate experimental data.

Exoellant agreement between the derived and input velocity response was found
for frequencies below 25% ‘~f the fundamental acoustic frequency.

2—5 
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• Similarly the momentum equation can be solved to provide an equation which
• is explicit in the particle damping parameter , Td. Using the exact solutions

to predict simulated data , excellent agreement between the input and the derived
rd was found. This agreement suggests the dual rotati ng valve may have the
capability of measuring particle damping in addition to velocity response.

2.2 EXPERIMENTAL STUDIES
A dual rotating valve apparatus was designed and constructed under this

program . The basic apparatus layout is shown schematically in figure 2—3 and
photographically in figures 2— 14 thru 2—6 . This arrangement provides the flex-
ibility required to study both velocity coupled and pressure coupled configura-
tions simply by changing the holes arrangement of the graphite rotor sleeve.

Cold flow tests were conducted as the first step in experimentally evalua—
ing this apparatus. In these studies, nitrogen was injected into the combustion

chamber and the two auxiliary chambers through individual sonic chokes . Under
these conditions, the response functions are zero. The discharge coefficients
of all three exhaust nozzles were evaluated by calibration against a standard

venturi flowmeter.

The first series of tests was conducted using a rotor sleeve where the two

rows of holes were in phase, i.e., the pressure coupled configuration. Fig-

ure 2—7 shows the excellent agreement between the predicted and observed ampli-

tude in all three chambers. These tests were conducted at frequencies between

100 and 250 Hz using the olockwiae—counterclookwise method of’ reference 5.

The corresponding phase comparison shown in figure 2—8, used the oscilla—
O ting pressure in the combustion chamber as a reference in this comparison.

Aga in , excellent agreement was obtained between the predicted and observed
O phase difference . These results are important because they demonstrate that

the operation of the apparatus is basically sound .

Next a series of cold fl ow tests were conducted with the valves 1800 out of
phase. The first studies were directed to investigating the effects of mechan—
mechanical. tolerances on the phase angle. The studies reported in reference 5

2—6
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Figure 2-3. Apparatus Layout
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Figure 2—5 . Propellant Grain and Valve Assembly
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’

Figure 2—6 . Assembled Rotary Valve Apparatus
10900—14 12938
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I I
0 Combustion chamber

0.25 0 Auxiliary chamber no I ________ _______ _______ _______

VI A A uxili ary chamber no. 2

0
0.10

7_ _  _  _

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Predicted amplitude

Figure 2—7 . Cold Flow Amplitude Data Pressure Coupled
Dual Valve Configuration

129141

0.25
0 Auxiliary chamber no. 1
A Auxiliary chamber no. 2

0.20

9, 
_0.15 _1.O deCEees_

J.
A 1 7 ___

0.05

7 _  _0.0 
0.05 0.10 0.15 0.20 0.25

Predicted phase, radians

Figure 2—8 . Cold Flow Phase Data Pressure Coupled
- 0 Dual Valve Configuration Combustion Chamber as Reference
- 0 129142
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indicate that phase misalignments between the vents in the combustion chamber

and the corres pondi ng auxiliary chamber can result from mechanical tolerance

buildup . Minimizing these effects by maintaining extreme tolerance control is

both difficult end expensive . Alternative methods for resolving this problem

must be found end are under ourrent evaluation.

Limited combustion tests have been conducted to test the apparatus perform-

ance in the velocity coupled mode using aluminized propellant. No mechanical

proble ms were encountered , althou gh amplitude modulation was observed in the

initial teats. It appears, however, that the current apparatus operates satis-
factorily. Combustion tests are currently in progress using sleeves with evenly

spaced holes .

2—10
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